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Although there is relative consensus as to when mechanical ventilation should be initiated in the presence of respiratory insuYciency, 1-3 the management of infants during recovery from respiratory failure remains largely subjective and is predominantly determined by institutional or individual practices or preferences. This might stem from a lack of understanding of the relative merits of the diVerent techniques of discontinuing mechanical ventilation, given the availability of a variety of primary ventilatory modes, and limited research into the pathophysiological mechanisms responsible for an unsuccessful extubation. Moreover, weaning from mechanical ventilation is a dynamic process and is influenced, particularly in newborns, by many factors such as diVering stages of lung development, changing status of the underlying lung disease, secondary complications, unique interaction of the neonatal heart and lungs, and the relation between central control of respiratory drive and respiratory muscles. 4 5 It is not surprising that the current scientific literature fails to provide a uniform view of the most appropriate way to wean babies from mechanical ventilation.
The purpose of our paper is to review the physiological, mechanical, and clinical principles of weaning, and to highlight areas still in need of investigation. This has become even more important since the advent of high frequency and patient triggered ventilation. The older practice of decreasing ventilator rate and peak pressure has limited application to newer forms of neonatal mechanical ventilation.
When and how to wean?
Weaning is the process of shifting the work of breathing from the ventilator to the patient. Although it seems intuitive to discontinue mechanical ventilation and extubate as soon as possible after the infant has demonstrated "stability", and when arterial blood gas values suggest that ventilatory needs are decreasing, the decision to extubate should be made well in advance of the procedure. Extubation from intermittent mandatory ventilation (IMV) is reasonable if the infant requires a fractional inspired oxygen value of < 0.4, is able to maintain satisfactory blood gas exchange at a low rate (for example, < 20 breaths/minute) and low peak inspiratory pressure (for example, < 15 cm H 2 O), and is clinically and metabolically stable. The measurement of pulmonary mechanics and lung volumes, now available at the bedside, might help in gauging the capacity for weaning, but its clinical usefulness has not yet been confirmed in controlled trials. 6 The classic approach to weaning from conventional ventilation is to extubate from low rate IMV, either directly to supplemental oxygen provided by head box or continuous positive airway pressure (CPAP). Based on the published studies, [7] [8] [9] [10] there is no rationale for trying infants on endotracheal CPAP, because this is only likely to impose a considerable breathing workload and contribute to weaning failure (table 1) .
Weaning during synchronised ventilation is conceptually diVerent than it is for conventional IMV because many of the parameters previously set by the clinician are now patient controlled, particularly during patient triggered (assist-control) ventilation (fig 1) . 28 29 During patient triggered ventilation, as long as the baby is breathing above the control (back up) rate, reduction in the rate brings about no change in ventilator cycling. Moreover, because the infant is setting his or her own inspiratory time (as in flow cycling), the inspiratory:expiratory ratio cannot be changed. Thus, reduction in peak inspiratory pressure is the primary parameter. In synchronised intermittent mandatory ventilation (SIMV), the mechanically delivered breaths are synchronised to the onset of the infant's spontaneous breaths at a predetermined rate. The flexibility of this mode in oVering a range of ventilatory support from full (higher rate) to partial (lower rate) support, makes it useful as both an "acute" and "weaning" form of mechanical ventilation. However, which of the two is a better weaning mode remains unresolved. 30 Proponents of patient triggered ventilation argue that it involves the least eVort to trigger and thus is less likely to tire the infant and cause extubation failure. Detractors, however, argue that because each breath is fully supported, the infant is not conditioned for life oV the ventilator. Proponents of SIMV believe that because the infant has to "work" harder between mechanical breaths, he or she builds better tolerance. A number of methods are available by which the clinician can facilitate the weaning process in either patient triggered ventilation or SIMV. Setting a higher trigger sensitivity forces the infant to work harder to initiate mechanical breaths, thus increasing tolerance. Decreasing positive end expiratory pressure (PEEP) (while ensuring maintenance of oxygenation) might also be conducive to weaning.
An alternative approach is the use of additional modes of ventilation, which are "hybrids" of patient triggered ventilation and SIMV. One such method is pressure support ventilation (PSV), 31 which is a patient triggered, pressure limited, and flow cycled mode of ventilation. Inspiratory flow provided during PSV is variable according to patient eVort, and flow cycling assures complete inspiratory and expiratory synchrony. It is intended to give the patient an inspiratory pressure "boost" during spontaneous breathing so as to overcome the imposed work of breathing created by the endotracheal tube, ventilator circuit, and the demand valve. The major function of PSV is to assist respiratory muscle activity and thus reduce the workload. Because it is pressure limited, tidal volume delivery in PSV depends on respiratory mechanics and thus may be variable. To overcome this variability, some devices have combined pressure support with a guaranteed minimum tidal volume delivery, as described later. Pressure support can be initiated in conjunction with volume controlled SIMV. PS MAX is the amount of pressure support that provides a full tidal volume breath. Lower amounts (partial pressure support) provide a smaller tidal volume and shift some of the work of breathing to the patient. Pressure support can also be used as a singular modality as long as the infant has suYcient ventilatory drive ( fig  2) . The variable inspiratory flow available during PSV might benefit disease states in which high pulmonary resistance occurs, such as bronchopulmonary dysplasia. 32 Another promising synchronised ventilatory strategy is proportional assist ventilation, in which the ventilator generates pressure proportional to the patient's eVort. 33 The more the patient "pulls", the more pressure the machine generates. To do so, the ventilator must be able to sense or estimate patient eVort on an ongoing basis. This property makes proportional assist ventilation a useful mode for weaning infants from ventilation. Several proportional assist ventilation delivery systems are currently being evaluated for clinical use in the neonatal intensive care unit.
Two newer modes, only recently introduced to neonatal care and being evaluated in clinical practice, are mandatory minute ventilation and volume assured pressure support. Both are variants of PSV. In mandatory minute ventilation, the clinician chooses a minimal value of minute ventilation. As long as the patient meets this value during spontaneous breathing, only PSV is provided. If minute ventilation falls below this value, IMV breaths are provided so that the patient can "catch up" to the expected value of minute ventilation. Thus, mandatory minute ventilation replaces the mandatory SIMV with a "prn" IMV breath. In volume assured pressure support, the clinician chooses a mandatory tidal volume that the patient is to receive during spontaneous breathing. As long as the patient is able to receive this volume, the breath is a simple pressure support breath.
However, should the delivered volume not reach the minimal value at the end of inspiration, the breath will transition to a volume cycled breath, and flow will continue, prolonging the inspiratory time until the volume guarantee is reached. Both of these modes seem ideally suited to infant weaning, where changes in either pulmonary compliance or respiratory drive occur with relative frequency and often impede the weaning process.
Clinical trials of weaning
Compared with conventional ventilation (IPPV/IMV), both patient triggered ventilation and SIMV have been shown to improve tidal volume and oxygenation, and to decrease the work of breathing. [34] [35] [36] Based on these physiological advantages, the synchronised mode of ventilation should facilitate weaning and early extubation. Randomised trials comparing SIMV and patient triggered ventilation with continuous mandatory ventilation (CMV) [11] [12] [13] [14] and SIMV with patient triggered ventilation 16 17 have been relatively few in number (table 1). Only half of published studies 11 16 17 were primarily weaning studies. Others, designed to look into the safety and eYcacy of these newer modes, only included duration of ventilation as incidental data. Although the results of these studies were analysed according to intention to treat, unfortunately, none reported whether synchronous ventilation was achieved. Cumulative data from these studies indicate that patient triggered ventilation or SIMV compared with CMV is associated with a shorter duration of ventilation. 15 When patient triggered ventilation was compared with SIMV, there was a trend towards a shorter duration of weaning with the former mode. However, it is not possible to conclude from these studies whether or not these benefits were the result of achieving synchronised ventilation.
Advances in respiratory technology have reintroduced volume controlled ventilation in the newborn population. This diVers from time cycled, pressure limited ventilation in that the primary gas delivery target is tidal volume, and peak inspiratory pressure might vary from breath to breath. In a recent study, 50 preterm infants with respiratory distress syndrome who weighed more than 1200 g and required mechanical ventilation were randomised to receive either volume controlled ventilation or time cycled, pressure limited ventilation. The two modes of ventilation were compared by determining the time required to achieve a predetermined "success" criterion, as a standard against which the speed of weaning could be assessed objectively. The period of mechanical ventilation was also calculated for each baby. Infants randomised to volume controlled ventilation met success criteria sooner, and had a shorter duration of mechanical ventilation. 18 In another study designed to compare the eVect of volume controlled ventilation versus time cycled, pressure limited ventilation, no diVerence was noted in the duration of ventilation between the two groups. However, when the results from a subgroup of babies weighing < 1000 g in this study were analysed, the dura- 
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Sinha, Donn group.bmj.com on September 28, 2017 -Published by http://fn.bmj.com/ Downloaded from tion of ventilation was significantly reduced in the volume controlled ventilation group. 19 Both studies reported a lower incidence of complications associated with volume controlled ventilation.
High frequency ventilation is diVerent from tidal ventilation in that it allows the use of extremely small gas volumes, even smaller than anatomical dead space, and it does not try to mimic normal breathing. 37 It also provides a diVerent distribution of gas within the lungs. Three major types of high frequency ventilation are routinely used, namely: (1) high frequency oscillatory ventilators, which provide sinusoidal push/pull, piston type ventilation from 180 to 900/min; (2) high frequency jet ventilators (not available in the UK), in which inspired gas is injected into an endotracheal tube through a jet nozzle with a typical frequency range of 240-660/min; and (3) hybrids, such as "flow interrupters", and combined high frequency ventilation/IMV devices that may provide jet, oscillatory, or conventional ventilation over similar frequency ranges.
The clinical application of high frequency ventilation is well described in the literature. Nonetheless, this is a relatively new treatment modality in neonatal respiratory care and accordingly there is little research examining the weaning process involved in the diVerent types of ventilators. 38 For example, it has not been shown that extubation directly from very low high frequency oscillatory ventilator settings to either no support or CPAP oVers any advantages over switching to conventional ventilation first. Similarly, issues still to be resolved during weaning from high frequency jet ventilators include whether the conventional breaths should be of high enough pressure to "cut out" the high frequency jet ventilator breaths, and whether high frequency jet ventilator support should be gradually or abruptly stopped as the patient improves. Many of these issues might be disease specific, and strategies should be developed to minimise the most potentially damaging parameters first, while assuring adequate gas exchange at the lowest possible level of support. Monitoring of pulmonary mechanics is not yet possible during high frequency ventilation. It is hoped that the results of the ongoing UK oscillation study, which is designed to compare the benefits of high frequency oscillatory ventilators with conventional ventilation, will deal with the issue of weaning from high frequency ventilation.
Adjuncts to weaning

CONTINUOUS POSITIVE AIRWAY PRESSURE
Failure to make the transition to spontaneous breathing after extubation is a common occurrence in the neonatal population and may result from a tendency towards alveolar atelectasis and to relatively poor respiratory drive, both of which are characteristics of prematurity. CPAP appears to stabilise the upper airway, improve lung function, and reduce apnoea. A number of randomised trials have attempted to investigate the question of whether CPAP, applied "prophylactically", reduces the need for additional ventilatory support. [20] [21] [22] [23] [24] [25] [26] Although results vary from trial to trial, the cumulative data 27 (table 1) suggest that infants extubated to nasal CPAP experience a reduction in the frequency of adverse clinical events (apnoeas and bradycardias, respiratory acidosis, and increasing oxygen requirements), a decreased need for additional ventilation, and a trend towards a decreased requirement for reintubation. However, in the absence of direct comparison of important variables such as gestational age and weight, optimal values of nasal CPAP, as well as methods (nasal versus nasopharyngeal) and duration of treatment, further trial are needed.
PHARMACOLOGICAL AGENTS
Routine administration of corticosteroids and methylxanthines is frequent adjunctive treatment for weaning and extubation. The antiinflammatory eVects of steroids and their eVect on lung function 39 40 form the basis of this approach. There is a large literature, incorporating both uncontrolled and well performed randomised controlled trials, which falls into two groups:
(1) Peri-extubation corticosteroid treatment. 41 42 The combined results 43 suggest that dexamethasone reduces the need for reintubation of newborns after a period of IMV. However, there is no evidence of its beneficial eVect in low risk infants and its use can be associated with serious potential complications. It appears reasonable to restrict its use to infants at increased risk for airway oedema and obstruction, such as those who have received repeated or prolonged intubation. (2) Postnatal corticosteroid treatment to prevent chronic lung disease. [44] [45] [46] [47] Most of these studies are related to the question of prevention of chronic lung disease but suggest that steroids are eVective in facilitating earlier extubation. As evidence accrues it seems that treatment at between 7 and 14 days of age might give the best outcomes. 48 However, these studies diVer in dosage regimen, duration, and time of onset of treatment, and they provide information regarding immediate complications only. Clearly, more studies are needed to examine the risk to benefit ratio of this treatment, because there are potential hazards of prolonged corticosteroid treatment, including possible adverse effects on the developing central nervous system 49 and lungs. 50 51 Methylxanthines (theophylline and caVeine) seem to have many theoretical advantages, including increased central (respiratory) drive and increased respiratory muscle contractility and endurance. 52 53 A review 54 of the published studies suggests that methylxanthines might increase the chances of successful extubation of some preterm infants, but individual studies do not allow a firm recommendation to be made for routine use in clinical practice. One trial suggests that the benefit of methylxanthine might be restricted to infants of extremely low birth weight (< 1 kg) who are extubated in the 1st week of life. 55 An international multicentric trial to examine the safety and eYcacy of caVeine is under way. This trial incorporates a neurodevelopmental assessment because there are suggestions that acute methylxanthine administration might exacerbate ischaemic brain damage as a result of its antagonistic properties against adenosine receptors.
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Predictive indices for discontinuation from mechanical ventilation Although an astute clinician might be able to predict the time that an infant is ready to start weaning, extubation failure still occurs in about a third of cases. Attempts have been made to devise some objective predictive indices that might help to identify the optimal time for extubation. These indices or parameters assess diVerent physiological functions of the respiratory system, including the diVerentiation between the elastic versus resistive component of pulmonary dysfunction; defining alteration or limitation in inspiratory/expiratory air flow; determining the magnitude of driving pressure, work and eVort to maintain tidal volume; and defining sequential changes to monitor the progression and resolution of the underlying disease process. 57 58 However, despite its potential clinical applicability, bedside neonatal pulmonary mechanics testing still remains a limited tool that requires clinical expertise as well as an awareness of the pitfalls. For example, neonatal respiratory data can be distorted by the presence of inadvertent overdistension of the lungs and frequency dependency of the mechanical breaths. 58 Compared with adults, there have been only a few published studies [59] [60] [61] [62] [63] [64] on the weaning parameters used in the neonatal population (table 2) . These studies are mostly investigational in nature and do not provide a "threshold" value for individual measurements that would consistently discriminate between success and failure of extubation. It is also likely that individual pulmonary mechanics or function testing criteria per se might not have the same discriminatory power as composite parameters, because the successful withdrawal of mechanical ventilation is dependent on multiple factors. For this reason, integrated indices have been proposed that are a composite of two or more measurements. Despite being inclusive of many respiratory functions and showing good predictive value in adults, these integrated indices do not seem to be reliable predictors of extubation success or failure in infants and children. 65 66 DiYcult weaning Commonly, more than one factor is responsible for weaning failure and these factors might be diYcult to separate. In physiological terms, eVective spontaneous breathing is dependent on a delicate balance between the loads imposed on the respiratory system and its capacity. 4 The inability to tolerate extubation is the result of poor eVort, increased load on the respiratory muscles, and decreased inspiratory drive. 67 Weaning attempts that are repeatedly unsuccessful usually indicate either incomplete resolution of the underlying illness or the development of new problems. The management of such infants requires the identification and correction of all such factors that have the potential to impede tolerance of spontaneous breathing (table 3) . Factors increasing the infant's respiratory workload must be examined and optimised. Where available, monitoring of pulmonary function and mechanics might be used to gain some insight into the reasons for ventilator dependency in an individual baby. 68 Careful adjustment of the ventilator triggering system to its maximal sen- sitivity, and appropriate setting of the ventilator inspiratory flow, might help in reducing the patient's work of breathing during mechanical ventilation. 69 Patients with dynamic hyperinflation, either related to expiratory flow limitation such as in bronchopulmonary dysplasia (BPD) or because of insuYcient expiratory time, require close attention. Excessive PEEP can also be counterproductive as a result of its adverse eVect on pulmonary mechanics and its fatiguing eVect on respiratory muscles, particularly in newborns, because of its unique style of attachment. 70 Such patients might benefit from the use of pressure support ventilation because of its variable inspiratory flow. The maintenance of minute ventilation in a range suYcient to assure adequate removal of carbon dioxide is essential. 5 For the healthy newborn, a tidal volume of 4-8 ml/kg and a respiratory rate of 40-60 bpm suggest that the minute ventilation should be approximately 240-360 ml/kg/min in infants with normal lungs. 58 It may be inferred that alveolar hypoventilation will occur if either tidal volume or respiratory rate is too low. In addition, the nutritional aspect of weaning, particularly in extremely low birth weight babies, cannot be overlooked. EVorts to provide an adequate energy intake to prevent catabolism might help to prevent weaning failure. On the other hand, an excessive nonnitrogen energy intake will lead to increased carbon dioxide production and might further impede the weaning process.
Conclusions
Weaning infants from mechanical ventilation involves as much "art" as "science", and should be planned according to clearly defined clinical and physiological goals. A method that rapidly and reliably assesses the infant's readiness for extubation would provide clinicians with a useful adjunct to their clinical decision making for withdrawal of ventilatory support. In this respect, any attempt to identify objective measures that could predict successful extubation, especially in preterm infants, deserves applause but so far no single parameter can discriminate between a high and a low risk of failure. Additional clinical investigations in this area are very much needed. Until then, predicting which infant will successfully tolerate extubation depends on physical diagnostic skills and experience. Given the availability of a variety of newer ventilatory modes that were not available previously, clinicians have a choice of weaning techniques, each of which might be useful in disease specific situations. Whatever technique one uses, it is helpful to begin with an organised plan, which should be adjusted as the infant's disease process and physiological status changes. As with many challenging medical problems, the best approach often requires innovation rooted in a firm grasp of the underlying physiology.
